Based on ab initio theory, the interfacial spin polarization of a benzene-dithiolate molecule vertically adsorbed on a nickel surface is investigated by adopting different microscopic contact configurations. The results demonstrate a strong dependence of the interfacial spin polarization on the contact configuration, where the sign of spin polarization may vary from positive to negative with the change of contact configuration. By analyzing the projected density of states, an interfacial orbital hybridization between the 3d orbital of the nickel atom and the sp 3 hybridized orbital of the sulfur atom is observed. We also simulated the interfacial adsorption in mechanically controllable break junction experiments. The magnetoresistance obtained from Julliere model is about 27% based on the calculated interfacial spin polarization, which is consistent with experimental measurement.
I. INTRODUCTION
Spintronics has developed rapidly in past decades which designs functional devices with the utilization of electron spin [1] . Recently, one of the stirring progresses in this field is the rise of molecular spintronics, which combines both the advantages of spintronics and organic materials [2−4] . Spin-orbital interaction in organic molecules is very weak since most organic molecules are composed of light elements. This induces a long spin relaxation time in organic materials which is advantageous for spin memory and transport. Many organic spintronic devices have been widely designed and tested to now, such as organic spin valves [5, 6] and organic spin filters [7, 8] .
In organic spintronic devices, the interfaces between organic molecules and ferromagnetic electrodes are particularly important in determining the performance of the device. For example, Xiong et al. constructed La 0.7 Sr 0.3 MnO 3 (LSMO)/Alq 3 /Co structure of organic spin valves and discovered a negative magnetoresistance (MR) about 40% in low temperature [9] . However, the subsequent experimental measurements on the same structure with different techniques demonstrated various MR properties. Barraud et al. used atomic force microscopy (AFM) and measured a positive MR up to 300% [10] . With a buffer layer assisted growth method, Sun et al. also obtained a positive MR [11] . A possible reason for the large deviation of measurements can be tracked from the interfaces formed with different syn- * Author to whom correspondence should be addressed. E-mail: hgc@sdnu.edu.cn thesis techniques, such as different shapes of surface or different contact configurations. The understanding of the spin polarization at different interfaces tends to be a key point for spin injection and spin transport in organic spintronic devices.
Unlike inorganic interface, when an organic molecule is adsorbed on a ferromagnetic metal surface, orbital hybridization between the molecule and the ferromagnet may happen, which modifies the interfacial spin polarization distinct from the bulk ferromagnet. Atodiresei et al. found that the interfacial spin polarization may be inversed from the bulk ferromagnet by horizontally adsorbing an aromatic molecule on the Fe surface due to a p z -d exchange mechanism [12] . Mandal and Pati also found that a small change in the interfacial distance at the metal-molecule junction may lead to an inversion of the tunneling magnetoresistance (TMR) [13] . Sanvito and Yi et al. showed that in molecular magnets based devices the spin polarization and spin transport may be tuned by interfacial manipulation [14, 15] . Particularly, as the most typical sample, the benzene-based magnetic interfaces and devices are widely investigated with different ferromagnetic metals both in theories and experiments [16−20] .
In spite of the above studies, the organic/ferromagnetic interface still needs theoretical attention due to the following reasons: firstly, in most studies a flat adsorption of an aromatic molecule on the ferromagnetic surface was usually considered to stress the p zd coupling between the molecule and the ferromagnet, which is different from the single-molecule spin-valve experiment where the molecule should be possibly coupled to the ferromagnetic surface vertically via sulfur atoms [20] . Secondly, although the single-molecule spin-valve structure has been calculated by several theoretical studies, the microscopic details of the interface were not expanded. In this work, we theoretically studied the interfacial spin polarization by adsorbing a benzenedithiolate (BDT) molecule perpendicular to a nickel (Ni) surface. The effect of microscopic contact configuration, typically including hollow, bridge and top, on the spin polarization was investigated. A special interface was also constructed to simulate the adsorption in MCB junctions.
II. COMPUTATIONAL METHODS
Here a BDT molecule is used in our calculation, where two para-site hydrogen atoms in a benzene ring are replaced by two thiol groups. The molecule is adsorbed on a Ni(111) surface vertically (along z direction) by one sulfur atom with its hydrogen atom detached as shown in Fig.1 . A 3×3×3 unit cell is used to simulate the Ni(111) surface (in xy plane) and periodic boundary conditions are used in the x and y directions. The lattice constant for the z direction is set to be large enough so that a Ni(111) slab is present. To investigate the effect of contact configuration, three typical different adsorption structures are considered: the sulfur atom is adsorbed at the top site, the bridge site, and the hollow site respectively, which are shown in Fig.1 
(b), (c), and (d).
The numerical calculations are performed by using the density-functional theory implemented in SIESTA package [21] . The Perdew-Burke-Ernzerhof (PBE) [22] exchange-correlation functional for generalized gradient approximation (GGA) is adopted. The core electrons are represented by pseudopotentials. A flexible numerical atomic-like wave-functions basis set is used to handle valence electrons [23] . Double-ξ plus single polarization orbitals (DZP) are used for the BDT molecule while single-ξ plus single polarization orbitals (SZP) are used for Ni atoms. These functional and bases have been used to optimize the structure of molecular magnetic contacts successfully before [15] . The finite real-space grid for numerical calculations is defined using a 300 Ry energy cutoff. The geometry of the system is optimized with conjugate gradient method until the atomic forces are less than 0.02 eV/Å. During the relaxation, the anchoring sulfur atom is fixed to the bridge, top or hollow site respectively. After the structural optimization, the spin-dependent density of states (DOS) will be calculated and analyzed.
III. RESULTS AND DISCUSSION
Before studying the interfacial spin polarization, we first calculated the density of state (DOS) of the isolated Ni electrode and the BDT molecule without interaction. Figure 2(a) shows the spin-dependent DOS of the total Ni electrode. Here the majority and the minority correspond to spin-up and spin-down electrons respectively. If we define a spin polarization of the DOS as:
it is found that the spin polarization at the Fermi energy is negative although the spin-up electrons in total is more than the spin-down ones. This is consistent with other first-principle calculation [24] . The DOS of the BDT molecule shown in Fig.2 (b) is spin degenerate with an energy gap of 2.8 eV between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).
In the presence of interaction, a key question is that how the organic molecule is spin polarized in the presence of orbital hybridization between the molecule and the ferromagnetic electrode. In Fig.2 (c) −(e), we plot the projected density of states (PDOS) onto the BDT molecule at three different contact configurations. It is found that an obvious spin nondegeneracy of the PDOS is observed around the Fermi level in the [−1.0, 1.0] eV energy interval, while the spin splitting of the PDOS away from the Fermi level is not obvious. This is different from flat adsorption of a benzene molecule on the ferromagnetic surface [12] , where an apparent spin polarization can be observed in a wide energy range of energy interval.
The spin polarization of the PDOS of the BDT molecule at different contact configurations is calculated. As shown in Fig.3 , the plot demonstrates an energy dependent spin polarization at all three cases, which is similar to that of flat adsorption [12] . The spin polarization oscillates between positive and negative values, where a larger amplitude exists in the range of [−4.0, 1.0] eV energy interval. The maximum magnitude of the spin polarization appears at around −0.9 eV for all the three configurations, which is about 0.46 for top, 0.44 for bridge, and 0.56 for hollow adsorption. Particularly, we notice that the spin polarization in several energy intervals differs from negative to posi- tive with the change of contact configuration, especially around the Fermi level. For example, from −0.6 eV to 0.0 eV, the hollow adsorption corresponds to a positive spin polarization up to 0.4, while for the top position it is negative down to −0.3. This means the interfacial spin polarization strongly depends on the microscopic contact configuration. It should be mentioned that although the hollow adsorption is the most stable among the three configurations by calculating the total energy, the bridge and top adsorptions are still possible due to the interfacial irregularity in experiments, which may induce different spin polarizations as well as spin transport behaviors.
To explore the binding details we first calculate the variation of net spin in the BDT molecule after adsorption. The net spin on each atom is defined as the difference between the numbers of spin-up and spin-down electrons on the atom, which is calculated based on a Bader analysis [25] of the optimized system. Of course the net spin density along the isolated molecule is zero. The results after adsorption at three contact configurations are shown in Table I . It is found that a net spin appears in the BDT molecule after adsorption in all three cases, which are 0.137, 0.117 and 0.132 for top, bridge and hollow adsorption, respectively. We also notice that the net spin of the molecule mainly distributes on the sulfur atom close to the Ni surface, which indicates the hybridization mainly happens between the sulfur atom and the coupled Ni atom. This is also verified by checking the change of PDOS onto the adsorbing S atom and the left component in the molecule respectively. We also checked the bond length near the interface at each contact configuration. It is found that the bond length of S−Ni is 3.93, 3.77 and 3.76Å respectively for top, bridge and hollow adsorption. This looks reasonable that the longest S−Ni bond appears in the top adsorption, where the orbital hybridization between the molecule and the Ni atoms is the weakest among the three cases and the interfacial spin polarization at Fermi energy still keeps negative close to that of the electrode. The C−S bond changes little, which is 1.77, 1.78 and 1.79Å for top, bridge and hollow adsorption.
A deep orbital analysis is then performed by investigating the atomic orbital PDOS of the interacting atoms at the interface. Here we take the top adsorption as the sample. Figure 4 compares the atomic orbital PDOS of the adsorbed Ni atom and S atom before and after adsorption. From Fig.4 (a) and (b) one can find that the out-of-plane z component of d orbital of the Ni atom is modified and contributes to the orbital hybridization. Furthermore, the hybridization around the Fermi level is contributed by the spin-down states of the Ni. For the S atom, it is found that all the components of 3s and 3p states are disturbed in the hybridization as shown in Fig.4 (c) and (d) . The spin polarization near the Fermi level mainly comes from the spin nondegeneracy of p x and p y orbitals. This is distinct from the flat adsorption of benzene molecule where the orbital hybridization is contributed by the p z component of p orbital. This is because the terminal S atom in the BDT molecule has a sp 3 orbital hybridization as that in the SH group. Thus the interacting states with the d orbital of the Ni atom include all the components of the s and p states of the S atom. A similar mechanism of the orbital hybridization is observed in the bridge and hollow adsorption (not shown here). However, the contact angle between the bonds of the Ni and the S atoms as well as the interacting strength will differ with the change of microscopic contact configurations, which may lead to a different interfacial spin polarization. At last, we further construct a special contact configuration which has been adopted to simulate the adsorption in MCB junctions [26, 27] . Here three extra Ni atoms are added on the Ni electrode surface to form an equilateral triangle structure. The sulfur atom is adsorbed on the hollow position of the equilateral triangle, as shown in the insert of Fig.5 . The BDT molecule including the adsorbed S atom was fully relaxed during the optimization. Here the optimized S−Ni bond is 3.16Å. The calculated energy dependent spin polarization is shown in Fig.5 . A similar curve to the top adsorption is observed, where a negative spin polarization is obtained at the Fermi energy. However, the negative spin polarization near the Fermi level achieves almost 60%, which is much larger than that in top adsorption. The spin polarization around −4.0 eV is also enhanced. To achieve a simple comparison with the MCB junction experiment, we use the Julliere model [28] to estimate the MR of Ni/BDT/Ni junction based on the interfacial spin polarization in MCB adsorption,
where P L and P R are the left and right interfacial spin polarization. Here for simplicity we assume that the two interfaces are identical as we presented here. In the Ni/BDT/Ni junctions experiment, a 30% MR is measured at the bias voltage of 10 mV [20] . So we use the spin polarization around 10 meV, which is about 40%, to perform calculation. The calculated MR is 28%, which is close to the experimental value. We also noticed that our estimation of MR is similar to other calculation of spin transport through Ni/BDT/Ni with nonequilibrium Greens function method, where a value of 27% for MR is obtained [29] .
IV. CONCLUSION
We have performed a theoretical study on the interfacial spin polarization of a BDT molecule vertically adsorbed on a Ni surface. The effect of interfacial contact configuration is focused. By calculating the spin polarization in three different contact configurations, namely top, bridge and hollow, we find that the interfacial spin polarization strongly depends on the contact configuration. The spin polarization is energy dependent, the sign and magnitude vary with the change of contact configuration. The binding mechanism is analyzed from the projected density of states of the molecule and the terminal interacting atoms. The orbital hybridization happens between the 3d orbital of the Ni atom and the sp 3 hybridized orbital of the terminal S atom. We further simulate the adsorption in MCB junction by adding three extra Ni atoms on the surface. A large negative spin polarization up to 60% is obtained around Fermi level. With the help of Julliere model we estimated the MR of the MCB adsorption based on our interfacial spin polarization. A value of 28% for the MR is obtained, which is consistent with the experimental measurement and other ab intio calculation. This work indicates that the microscopic contact configuration in organic spintronic devices plays an important role in determining the interfacial spin polarization, which can not be neglected during the understanding of the spin transport property.
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